We described three different conditions that induce differentiation of dissociated neural stem cells derived from mouse embryonic CNS. In the first set of experiments, where the cell differentiation was triggered by cell adhesion, removal of growth factors and serum-supplemented medium, only sporadic neuronal and astroglial cells survived longer than two weeks and the latter formed a monolayer. When differentiation was induced in serum-free medium supplemented with retinoic acid, rapid and massive cell death occurred. A prolonged survival was observed in cultivation medium supplemented with serum and growth factors EGF plus FGF-2. One third of the cells did not express cell differentiation markers and were responsible for an increase in cell numbers. The remaining cells differentiated and formed the astrocytic monolayer on which occasional neuronal cells grew. One third of the differentiated phenotypes were represented by cells of oligodendroglial lineage. Differentiation of oligodendroglial cells occurred in a stepwise mechanism because the culture contained all successive developmental stages, including oligodendrocyte progenitors, preoligodendrocytes and immature and mature oligodendrocytes. Maturing oligodendrocytes displayed immunocytochemical and morphological features characteristic of cells that undergo physiological development. The cultivation conditions that supported growth and differentiation of neural stem cells were optimal for in vitro developmental studies and the production of oligodendroglial cells.
Introduction
Stem cells (SCs) are primitive cells that can self-renew and at the same time generate a differentiated progeny. At early developmental stages, SCs are highly proliferative, giving rise to primordia of developing organs and producing multiple phenotypes that constitute organs and tissues (31) . In adulthood, SCs are found in tissues as dormant cells that become activated only when differentiated cells in the tissue are lost and require a replacement. The principal roles SCs play in adult tissues include maintenance of tissue homeostasis and regeneration. Tissue-specific SCs are located in specific microenvironments called "niches" that keep SCs in an undifferentiated state (26) . The niche has a complex structure that is constituted by supporting or stromal cells, basal laminae, endothelial cells and components of extracellular matrix. In diseases that reduce the pool of endogenous SCs, the tissue regenerative capacity is diminished or lost, which results in a decrease in its functional capacity. Stem cell therapy represents a novel and promising therapeutic approach to treatment of variety degenerative diseases as multiple sclerosis.
The main requirements for effective cell transplantation involve a source of transplantable cells and proof that the transplanted cells have the capacity to differentiate into cells of a required phenotype. Neural SCs can be obtained from the embryonic or adult CNS. Nowadays, several procedures for the isolation and cultivation of neural SCs have been described. One of the most effective methods is based on exposure of SCs to epidermal growth factor (EGF) and/or fibroblast growth factor-2 (FGF-2) that gives rise to multicellular neurospheres (24, (27) (28) (29) . Each neural SC that is clonogenic can generate a single neurosphere that consists of cells of a clonal origin (25) . This clone may comprise more stem cells and progenitor cells which may also have a limited self renewal capacity. As a result, subsequent subcultivation of dissociated neurospheral cells allows to harvest higher amounts of neurospheres. When the dissociated cells are plated at higher cell densities, the resulting neurospheres are heterogeneous and consist of several clones (6) . This cultivation procedure is relatively simple and permits a rapid expansion of primitive multipotent neural cells.
The differentiation ability of neurospheral cells can be examined after mitogenic growth factors are withdrawn and cells are allowed to adhere to cultivation dishes or after intracerebral transplantation. Under these conditions, the primitive neurospheral cells reveal their multipotency and differentiate into distinct CNS cells. The terminal phenotypes generated by neural SCs in vitro include neuronal, astroglial and oligodendroglial cells (12, 24, (27) (28) (29) . The production of ependymocytes requires modified conditions (17) . Special pre-treatment can be used selectively to suppress or support the generation of desired phenotypes but such approaches are usually more expensive and time consuming.
In this study, we compared three different differentiation protocols and found that the presence of growth factors EGF and FGF-2 prevented cell death, increased cell numbers and supported the survival of undifferentiated cells representing approximately one third of the cells in the assay. Nevertheless most cells underwent spontaneous cell differentiation that favoured cells of astroglial and oligodendroglial lineages. Cultures contained successive stages of oligodendroglial development that expressed characteristic antigenic profiles and displayed morphology indicative of oligodendroglial cells. The mature oligodendrocytes showed all features of physiological differentiation.
Materials and Methods

Isolation and cultivation of neural stem cells
The mice used for the experiment were housed in groups of two in a temperature-and humidity-controlled colony room that was maintained on a 12-hour light/dark cycle. Food and water were available ad libitum throughout the experiment. The experiments performed in this study were approved by the Ethical Committee supervising procedures on experimental animals at Charles University, Faculty of Medicine in Hradec Králové, Czech Republic.
Neural SCs were isolated from fetuses of timed pregnant B6,129S-Gt(ROSA)26Sor mice. Forebrains of E15 mouse fetuses were dissected free of meninges and mechanically dissociated by trituration through a fire polished pipette. Single cell suspension of neural progenitors from the fetal brain was plated separately into the culture flasks with untreated surfaces (40,000/cm 2 ). The cultivation medium consisted of Dulbecco's Modified Eagle's Medium/Ham's F12 (1:1; Sigma, Prague, Czech Republic), B27 Supplement without retinyl acetate (2%, Gibco, Paisley, UK), 2 mM L-Glutamine (Sigma), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco), 10 ng/ml human recombinant basic fibroblast growth factor (bFGF, PeproTech, London, UK) and 20 ng/ml mouse recombinant epidermal growth factor (EGF, PeproTech). Neural SCs grew in culture as freefloating neurospheres that were subcultivated by dissociation into single cell suspension two times per week, alternately mechanically or using Trypsin/EDTA (Gibco).
Cell differentiation
Neural SCs were allowed to differentiate as single cell suspension in I) growth factor free-medium supplemented with fetal calf serum, II) medium composed of Neurobasal medium (Gibco) supplemented with B27 additives, 2mM L-Glutamine and 1 μM all-trans retinoic acid used to enhance differentiation or III) a medium that consisted of full medium with growth factors, used for the generation of neurospheres (described above) supplemented with 10 % fetal calf serum. Cells were allowed to adhere on polyornithine /fibronectin-coated coverslips.
Cytological examination
Cells in cultures were examined under the phase contrast with the inverted microscope Nikon Eclipse TE300. An Olympus BX50 fluorescent microscope equipped with a DP-70 digital camera was used for examining the coverslips with cells. For immunofluorescence staining, coverglasses with cell monolayer were washed in phosphate buffer containing 0.5 % Triton X-100 (Sigma) treated with 5 % normal goat serum or donkey serum and then incubated overnight with a primary antibody. Mouse monoclonal antibodies were utilized for the detection of glial fibrillary acidic protein (GFAP; GA-5, 1: 400; Sigma), Pan-NF (DA2, FNP7, RmdO20.11, prediluted, Zymed Laboratories, Invitrogen Corp., Paisley, UK), β-III tubulin (TU-20, 1:20, Exbio, Prague, Czech Republic) and O4 (81, 1:100, Chemicon). Rabbit polyclonal antibodies were used to identify GFAP (1:500, Dako, Glostrup, Denmark) and NG2 (1:200, Chemicon). Following washing, coverslips with cells were incubated with species-specific secondary antibodies for 45 min conjugated with Cy3, Cy2 (Jackson Immunoresearch; West Grove, PA, USA) or Alexa 488 (Molecular Probes). Slides were mounted in polyvinylalcohol/glycerol with 1,4-diazobicyclo-[2.2.2]-octane (DABCO). To avoid false positivity, parallel coverslips with cells were processed according to the same protocol but primary antibodies were omitted.
Results
Neurospheral dissociated cells were allowed to adhere to a surface covered with polyornithine/fibronectin and cultured in a medium supplemented with FCS not containing growth factors. Shortly after plating, cells adhered and most cells underwent cell death. The cells that survived were not able to increase their number by proliferation. In the following days, the surviving cells became flattened and tended to form a discontinuous monolayer (Fig. 1A) . In gaps left between the flattened astrocytes, multiprocess cells were found. However, these cells died within14 days and disappeared from the culture. The only cells that survived in the medium grew on surfaces of astrocytic monolayer. Immunocytochemical detection identified only sporadic β-III tubulin + /NF + neuronal and O4 + oligodendroglial cells; we identified less than 5 immunoreactive cells per coverslip. The remaining flattened cells that grew in a monolayer were strongly immunoreactive for GFAP. However, these flattened cells did not dispatch cytoplasmic processes.
When dissociated neurospheral cells were seeded on polyornithine/fibronectin-coated coverslips and grown in serum-free neurobasal medium not containing growth factors but supplemented with retinoic acid, the cells adhered, started to differentiate and astroglial cells formed a complex network. The cells that were observable in gaps between astrocytes expressed first NG2 and in a few days O4. However, these cells rapidly died and only debris of dead cells was attached to the underlying astrocytic monolayer (Fig. 1B) .
The cultivation medium that was permissive for the survival of oligodendroglial cells consisted of neurobasal medium supplemented with FCS plus growth factors (EGF and FGF-2). Cells adhered to the substrate and started to form the cytoplasmic outgrowths. In three days, the first morphological differences between the differentiated cells became evident. The astroglial cells were flattened with few pale processes while oligodendroglial progenitors displayed few elongated thin processes. Neuronal cells were distinguishable later, by day 7. Because they looked like multiprocess bearing cells, they were initially similar to developing oligodendroglial cells in their morphology. Nevertheless, their amount was quite small. In a discontinuous monolayer, oligodendroglial cells were localized to empty spaces left between astroglial cells. Oligodendroglial cells with terminal outlying processes were in contact with peripheral edges of astroglial cells. The cells were still proliferating and in a week they formed a monolayer (Fig. 1C) . The cells that underwent cell death were rarely detectable (Fig. 1D) . Over this period, the number of oligodendroglial cells also increased and they grew on a surface of astroglial monolayer. Under the phase contrast, neuronal cells were not distinguishable in a continuous monolayer. Oligodendroglial progenitors were detected according to their typical morphology. Their polygonal irregular nucleus protruded above the level of other cells and reflected light in a whitish halo that surrounded the body. These cells were clustered in small and separated groups.
Immunocytochemical examination performed after two weeks permitted to identify distinct subpopulations of cells that grew in the culture. However, almost a third of cells in the culture did not show immunoreactivity for any marker used in this study. Approximately two thirds of cells expressing cell-specific markers were represented by GFAP + astrocytes and one third expressed oligodendroglial markers NG2 and/or O4. Only sporadic cells expressed β-III tubulin. Oligodendroglial cells exhibited characteristic multiprocess morphology and did not stain for markers of astroglial and neuronal cells. NG2 + O4 -oligodendrocyte progenitors had only 1-5 primary processes that branched only occasionally ( Fig. 2A) . NG2 + O4 -preoligodendrocytes with small oval nucleus exhibited 4-10 primary processes that regularly sent secondary branches. A total amount of their secondary processes were twice as numerous as their primary processes. Occasionally, secondary processes formed tertiary branches. Another subset of oligodendroglial cells was labelled with O4 epitope but not with NG2. Although these immature and mature oligodendrocytes strongly expressed O4 in their perikaryon and processes, the adjacent areas in the culture also contained smaller cells that expressed O4 only faintly and looked like ghosts (arrows in Fig. 2B ). They were more numerous than O4 + oligodendrocytes (the ratio of their occurrence was 1:2-3), displayed short processes that branched rarely and were clustered in small groups. On the contrary, oligodendrocytes that expressed high levels of O4 formed a complex network with their cytoplasmic processes. The oligodendrocytes displayed 7-16 stout processes that formed 28-77 secondary processes in all. These were further divided into 21-71 tertiary processes that further branched in 5-52 quaternary processes, which sometimes formed branches of higher orders. Some secondary and higher processes made interconnections that contributed to the complexity of the arborisation of mature oligodendrocytes. Moreover, some oligodendrocytes began to make cytoplasmic protrusions and varicosities (Fig. 2C) . These cells covered with their processes small areas of several underlying cells and formed non-overlapping field domains.
Discussion
The neurosphere assay that is used for the propagation of neural SCs in vitro was developed for maintenance of SCs in an undifferentiated state (24) . To prevent cell differentiation in the assay the cells are not allowed to adhere to cultivation surfaces and they are stimulated with mitogenic growth factors EGF and/or FGF-2 to proliferate (9, 24, 27, 29) . The third condition required for a long term cultivation of neural SCs involves regular neurosphere dissociation. Without dissociation, the differentiated progeny appears in time within the neurospheres. In our previous studies, we documented that cells inside non-passaged neurospheres were able to undergo terminal differentiation and produce neurons that made interneuronal axodendritic synapses, astrocytes with processes rich in intermediate filaments and oligodendrocytes that formed myelin sheaths around adjacent axons (16, 18, 19) .
To document multipotency of neural SCs and their ability to produce differentiated phenotypes, the mitogenic growth factors are removed from the neurosphere cultivation medium and cells are allowed to adhere to suitable adhesive substrates. The cultivation conditions may involve lots of modifications; for example, the different nature of adhesive substrates, cell density, the presence or absence of fetal calf serum, the addition of differentiation factors, hormones or growth factors etc. All these factors affect cell differentiation and influence the ratio of resulting cell types (5, 11, 14, 17, 32) . In the present study, we compared the efficacy in the production of differentiated phenotypes under three distinct cultivation conditions using the same adhesive substrate. First, the cell differentiation was triggered by cultivation in a medium where growth factors were substituted with fetal calf serum. A change in cultivation condition resulted in cell death that reduced the numbers of cells that differentiated. Relatively resistant astroglial cells that function in the CNS as major supporting elements were able to survive for more than two weeks and formed a supporting monolayer to which other sporadic differentiated cell types were anchored. In the second group of experiments, differentiation was induced by the addition of retinoic acid, a potent differentiation factor, to a serum-free medium. Its mechanism of action is well known and involves the stimulation of specific nuclear retinoic acid receptors and retinoid X receptors (e.g. 23). Retinoic acid is used to trigger neurogenic differentiation in embryonic SCs (8) . As a result, the treatment induced rapid differentiation that was, however, followed by robust cell death, saving cells that grew in the astrocytic monolayer.
In the last experiment, differentiation was induced by cultivation of cells in a medium containing both serum and growth factors EGF plus FGF-2. These factors, supporting a survival and proliferation of neural SCs, prevented the massive cell death that occurred in other conditions and stimulated proliferation of neural SC progeny (21) . Neural SCs are not the only neural cells that express receptor for EGF or FGF-2. Moreover, the affinity of membrane receptors to growth factors on these cells may change throughout the development. The early embryonic brain tissue expresses low numbers of high-affinity EGF receptors, which are capable of responding to very low concentrations of EGF.
During late gestation, the number of the receptors increased as gestation advanced but their apparent affinities for EGF declined, which could be correlated with differing roles of the receptors as development proceeds from tissue growth to tissue differentiation (1) . In fetal neural cells, EGF stimulates differentiation of astrocytes and oligodendrocytes as demonstrated by an increase in glutamine synthetase and 2',3'-cyclic nucleotide 3'-phosphohydrolase (10) . Furthermore, EGF can regulate the development of at least some mature neural cells, since in the mammalian CNS, receptors for EGF were identified in the plasma membrane of mature astrocytes (about 10 4 -10 5 receptor molecules per cell) and oligodendrocytes (between 6x10 3 -10 4 receptors/ cell), as reviewed by Lakshmanan et al. (15) and Morrison (20) . Expression of receptors for FGF on cells of oligodendroglial cell lineage reflects the ability of FGF-2 to regulate growth of the relevant subpopulations (3). FGF-2 stimulates proliferation of oligodendrocyte progenitors and regulates their differentiation into the preoligodendrocyte (4, 7). Moreover, FGF-2 was reported to convert bipotent oligodendrocyte progenitors to multipotent stem cells (13) . In harmony with the above described actions that EGF and FGF-2 exert on cells of astroglial and oligodendroglial cell lineages, the differentiation assay contained mainly astrocytes and oligodendrocytes.
The amount of cells belonging to oligodendroglial cell lineage was relatively high. These cells comprised a third of all differentiated cells, which are quantities larger than mentioned other investigators; a usual outcome of oligodendroglial cells after spontaneous differentiation represents less than 3 % (14, 27, 29, 30) . Oligodendroglial cells observed in our cultures were found at different stages of their development. The cultures contained oligodendroglial progenitors, preoligodendrocytes, immature and mature oligodendrocytes. Because the normal development of oligodendroglia occurs according to a well-defined lineage with the four successive stages (reviewed e.g. in 22), the concurrent presence of all these stages in our culture indicated that these cells derived from neural SCs in vitro developed physiologically in a stepwise process. Cells in distinct phases of their development were recognized according to their characteristic morphology and antigenic profile. Oligodendrocyte progenitors were identified as cells expressing chondroitin sulphate proteoglycan NG2 and possessing few primary processes that branched only occasionally. Such morphology correlates well with the proliferative potential of these cells and their capacity for migration. These progenitors were immunonegative for O4 epitope (sulphatides/seminolipids), although a faint immunoreactivity of ghost-like cells (Fig. 2B ) might comprise late stages of progenitor cells. A strong immunoreactivity for O4 is characteristic of preoligodendrocytes and oligodendrocytes. Preoligodendrocytes were identified by co-expression of NG2 proteoglycan. These cells were still mitotically active and therefore their arborisation was not large; the cells formed low numbers of primary processes that branched and occasionally gave rise to tiny tertiary processes. O4 + oligodendrocytes did not stain for NG2 and displayed multiple stout processes, which divided into secondary, tertiary and quaternary branches. Some branches anastomosed with others. This way the oligodendrocytes acquired a highly complex dendritic morphology with elaborated process network resembling a spider web. In areas containing large accumulation of mature oligodendrocytes, the underlying cells in the monolayer were contacted by ramified fine processes of overlying O4 + cells. Although the surface of a monolayer was almost entirely covered with an extensive process network of O4 + cells, the process field domains of neighboring oligodendrocytes did not overlap. Such highly complex morphology correlates to functionally developing oligodendrocytes. In the gray matter of the CNS, these cells occupy distinct domains and contact lots of cells with their multiple processes. The utmost stage of differentiation of oligodendrocytes observed in our cultures was characteristic with the formation of multiple varicosities along their highly branched processes and occasional flattened protrusions. The presence of these structures indicates a readiness of oligodendrocytes for the formation of the myelin sheaths. Although the myelin sheaths do not appear in the culture, the capacity of oligodendroglial cells produced in vitro to form the lamellar structures was documented after their transplantation to dysmyelinated brains (2).
Results of experiments described in this study document to what extent cultivation conditions affect the numbers and phenotypes of cells that are produced in vitro after plating equal initial neural stem cells. The addition of EGF and FGF-2 to a serum-supplemented medium used to induce cell differentiation elevates the numbers of surviving cells and at the same time allows successive differentiation of oligodendroglial cells according to the normal developmental pattern. Moreover, oligodendrocytes that arise under these conditions bear all the features of physiological maturation. All these data give evidence that neural SCs represent an ideal source of multipotent cells for in vitro developmental studies and the production of oligodendroglial cells.
